ABSTRACT Intensity fluctuation spectroscopy has been used successfully as a probe that can detect an increase in high-frequency internal motions of isolated thick filaments of Limulus muscle upon the addition of calcium ions. We have attributed such motions to cross-bridge motion instead of to an increase in the flexibility of the filament backbone.
INTRODUCTION
The contraction of striated muscle is known to be caused by an active, relative sliding of the thick and thin filaments (Huxley, H. E., 1969; Huxley, A. F., 1974) . The most widely held view of the molecular mechanism of the sliding process in striated muscle is that cross-bridges, which are parts of the myosin molecules that project outward from the thick filaments, move cyclically upon activation while interacting with actin filaments. The cross-bridge motion pulls the thin filaments in between the thick filaments. Various methods have been used in an attempt to define or detect the orientation or the motion of the cross-bridges. They include measurement of dichroism with a dichroic label (Fan, 1963; Fan and Hong, 1964; Fan and Wen, 1979) , measurement of the polarization of intrinsic fluorescence (Guth, 1980) , measurement of the polarization of fluorescence with a fluorescent probe (Niehei et al., 1974; Borejdo, 1979) , measurement of electron paramagnetic resonance with spin labels (Thomas et al., 1975; Thomas, 1978; and Thomas et al., 1979; Thomas and Cooke, 1980; Arata and Shimizu, 1981;  Dr. Fan's permanent address is Shanghai Institute of Physiology, Academia Sinica, Shanghai, China. Cooke, 1981; Cooke et al., 1982) , measurement of nuclear magnetic resonance (Highsmith et al., 1979; Jardetzhy, 1980, 1981) , and small angle x-ray diffraction (Huxley and Brown, 1967; Elliot et al., 1967; Haselgrove, 1975; Huxley et al., 1980 Huxley et al., , 1981 Huxley et al., , 1982 . Results from x-ray diffraction show that the ordering of the cross-bridge decreases as the muscle is activated. Measurement of the polarization of the fluorescence from tryptophan revealed that it was not sensitive to the orientation of the crossbridges. Various physical techniques involving the use of labels have provided interesting results. For example, results of the dichroic studies of muscle stained with Congo Red indicate that the mean orientation of the cross-bridges in resting muscle changes with the sarcomere length (Fan and Wen, 1979) . Results from high resolution electron paramagnetic resonance (EPR) studies established that during tension generation, the myosin head spends ±20% of its time attached to actin. For most of that time, the orientation of the probed region is identical to that in the rigor state (Cooke et al., 1982) . However, the use of labels is always subject to criticism because of possible perturbing effects of the labeling molecules themselves. Congo Red seems to compete with ATP for the same reactive site (Fan and Wen, 1979) . The attachment of the iodoacetamide molecule, which was used both as a fluorescence probe and as a spin label, changed the ionic dependence of the myosin ATPase activity. Furthermore, an iodoacetamide spin label does not remain rigidly immobilized on the myosin head during ATP hydrolysis, as indicated by large changes in the EPR spectrum (Seidel et al., 1970) . Labeling with another commonly used spin label, a maleimide derivative, also affects the myosin ATPase activity, although it does remain immobilized on the myosin head during ATP hydrolysis . Quasi-elastic light scattering has been used successfully to investigate the dynamics of submicroscopic structures in solution (Chen et al., 1981; Maeda and Fujime, 1981) including suspensions of thin filaments from skeletal muscle (Newman and Carlson, 1980; Maeda and Fujime, 1981) , suspensions of heavy meromyosin (HMM) or S-I and actin (Fujime et al., 1972; Maeda et al., 1974; Fraser et al., 1975) and also in situ myofibrils (Haskell and Carlson, 1981) . The advantage of this method is that it does not require any label to detect the motion of the relevant structures. Recently we have used this method to study the behavior of isolated thick filaments from striated muscle of Limulus (Kubota et al., 1983) . The average linewidth, r, over large ranges of KL (up to 100) has been calculated with K and L being, respectively, the magnitude of the momentum transfer vector and the length of the filament. Upon the addition of calcium ions to the solution suspending the filaments, which contained K+, Mg2+, ATP, and Tris buffer, the F values showed a remarkable increase at high KL. There are two possible explanations: (a) The first possible explanation is that the overall flexibility of the filament backbone is increased by calcium ions. Maeda and Fujime (1981) have shown that with semiflexible filaments an increase in flexibility results in an increase in the F values at higher KL. (b) The second possible explanation is that the cross-bridges, when activated, move cyclically. Lehman and Szent-Gyorgi (1975) have shown that the contractile activity of Limulus striated muscle is regulated through both thick and thin filaments by calcium ions. Thus calcium ions should activate the cross-bridge motions in isolated thick filaments. Since the thick filaments of Limulus striated muscle shorten upon the addition of calcium ions in the presence of ATP, we would have expected that the filaments would become stiffer instead of being more flexible. We attributed the increase of r values at higher KL value as being due to the motions of cross-bridges. Here we present evidence that the increase of F values is due to active cross-bridge motions. We also demonstrate that thick filaments isolated from the striated muscle of scallop in which the muscle activity is regulated through myosin (Kendrick-Jones et al., 1970 gives similar results. Conversely, thick filaments isolated from skeletal muscle of frog do not. The thick filment of this muscle has not been convincingly shown to be involved in regulation. Preliminary accounts of some of our results have been presented elsewhere (Fan et al., 1983a, b, and c) .
THEORETICAL BACKGROUND
For a dilute solution of rod-shaped flexible particles (filaments), the translational and rotational diffusions of a particle, as well as other intrafilamentous motions, i.e., motions of segments related to each other, will contribute to the intensity and linewidth of the spectrum of light being scattered. The field intensity correlation function g(l) (r) can be expressed as (Pecora, 1968; g(l) (-) = a2( >e iK.[ri(t)-rj(O)1 (1) where a is the polarizability, ri(t) is the position of ith scatterer at time t, K = 47r/X sin e/2, X is the wave length of light in the scatter medium and 0 the scattering angle. The angular bracket denotes an ensemble average.
In dilute solution, scatterers on different filaments are uncorrelated, scatterers i and j can be considered to be different segments on the same filament. The time correlation function in Eq. 1 becomes
(2) ij where aM is the particle polarizability. The first exponential term on the right hand side of Eq. 2 depends on the translational motion of the particle as a whole and the second term depends upon the relative motion of the segments. If KL < 1, the second exponential term contributes a constant factor = 1, and (omitting the polarizability factor) g(1)(r) = K2DTe (3) Thus, if KL < 1, g(') (r) is only related to the translational diffusional motion of the particle. As 3 _ KL _ 8, the contribution of rotational diffusion motion will become appreciable. As KL > 8, the higher order terms, which reflect the attributions of the intraparticle motions such as bending or twisting, should be taken into consideration.
The limiting form of the first cumulant, F of the field correlation function g(l)(T) for a very long and semiflexible filament has been shown by Maeda and Fujime (1984) 
Light-Scattering Measurement
The light-scattering spectrometer used has been described previously (Kubota et al., 1983) . The measured single-clipped photoelectron autocorrelation function GK(2) (r) due to self-beating for a detector of finite effective photocathode has the form (Hanson, 1971) GK(2) (r) = (nk(t) (t + T)) = A[1 + bIg(I) (T) 1 2], (7) where (fnk (t)) is the mean clipped photo-electron counts per sample time at time t and clipping level k. n(t) is that of the unclipped value. A is a background equal to N, ( nk (t) ) ( n(t) ) with N, being the total number of samples, which can be computed or measured at longer delay times (usually 5 x the maximum delay time). In our experiments, the differ-PARAMYOSIN lae and-X-i the puife thc fiaet (rgh lane 
with G(r) being the normalized linewidth distribution function. We used the cumulants method (Koppel, 1972) to determine r and iU2; the latter is defined as
with MA2/1 being the variance of the linewidth distribution function. In studying the thick filament suspensions, we found that 212/ _-0.3 over all accessible ranges of K. Thus our linewidth measurements were carried out at a delay time range such that FrT..., 3, where Tmax denotes the maximum delay time range. We used the second-order cumulants fit for most data analysis. Occasionally, a third-order cumulants fit was performed to check the goodness of the second-order analysis.
Cleaving of the HMM Moieties of the Thick Filament
Cross-bridges were cleaved by papain (Komitz et al., 1965; Yamanaotik and Schiao, 1980 (Sutoh and Harrington, 1977) was not used. Sutoh and Harrington (1977) showed that under their experimental conditions, more than 95% of the cross-bridges were cross-linked. We have checked the extent of crosslinking in our isolated thick filaments from Limulus with their method and obtained similar results.
14.6~* nm
CrADP was prepared essentially according to the method of DunawayMariano and Cleland (1980a) . An ATP solution was first heated in a boiling water bath for 7 min and an equimolar quantity (to ATP) of CrC13 was added. The pH of the solution was lowered to 3.0; than the solution was heated in an 800C bath for 10 min and the pH was finally adjusted to 6.0. At higher pH (>6.0) a gel-like suspension often formed.
Replacement of ATP with Al, -y-imido-adenine-5'-triphosphate (AMP-PNP)
AMP-PNP contains trace amounts of ATP. To remove the ATP contamination, as well as that remaining in the filament preparation 2 mM glucose was added to the dialyzing solution and 50 Ag/ml of hexokinase was added to the dialysate (see Meisner and Beinbrech, 1979 ) and incubated at room temperature for 2 h. The suspension was then dialyzed at 40C before measurements were made. After treatment with papain, the ratio of the r values from suspensions of filaments in activating and relaxing solutions remained =1 through the whole range of K2 we used, i.e., from 0.8 x 0I0cm-2 to 10 x 1I0Ocm-2. The high frequency component of the characteristic time was not present following papain treatment. Curve a in Fig. 2 shows rp,a/rr,p, while curve b in Fig. 2 shows the results ra,p/Fr,p. Papain digestion was terminated by the addition of 1.5 mM iodoacetate (IAA). IAA alone at 1.5 mM had no effect on the increase of r values following calcium activation. Fig. 3 illustrates negatively stained isolated filaments and their optical diffraction patterns before and after papain treatment and Fig. 4 Since the papain treatment removed the S-I and S-2 moieties of the thick filament, it would be expected that the effective diameter of the treated filaments would be decreased. Fig. 5 illustrates this finding in the ratio of r values of the suspension in relaxing solution treated with papain to that untreated (r,,p/Fr) vs. K2. The limiting value of Fr,p/Fr as K -0 is 1.2 As K --0, the translational diffusion coefficient DT -F/K2. For a rigid rod in solution, DT can be calculated from Eq. 6. Thus it can be estimated that the effective diameters of the papain treated relaxed filaments were decreased by -40%, provided that papain treatment did not change the filament length. Electron microscopy of negatively stained, papain treated filaments confirmed that the filament length was unchanged and the filaments became thinner (Fig. 2) . The positive slope of the curve in Fig. 5 indicates that the flexibility of the relaxed filaments was increased by the treatment, which might be a direct result from the decrease in filament diameters.
For filaments suspended in activating solution, i.e., in solution containing calcium ions, the results were different. Instead of becoming thinner the effective diameter of the papain treated filaments apparently increased. Fig. 5 curve b shows the ratio of F values of the untreated filaments suspended in an activating solution to that of the treated sample (ra/ra p). From Fig. 5 Cross-linking of the Cross-bridge. Imido ester cross-linkers are believed to react specifically with lysine side chains and the resulting amidinate protein maintains their chemical and physical properties (Hunter and Ludwig, 1962) . They have been used by Harrington et al. (Reisler et al., 1973; Sutoh and Harrington, 1977) to cross-link the myosin heads to the backbone of the thick filament. In the case of isolated Limulus thick filaments treated in relaxing solution with either DTBP or DMS added, the F value at KL = 100 decreases to -2Dj. This result indicates that the filament becomes quite stiff after cross-linking as would be expected. If the filament suspension is then dialyzed against the activating solution containing the cross-linker, the r value shows practically no change (Fig. 6) . But if we first dialyze the filament suspension against activating solution without cross-linker for a short period, e.g., half an hour, than add the cross-linker to the dialyzing solution, the F values obtained are the same as those obtained after dialyzing against activating solution alone. These results also imply that in the relaxed state, the myosin heads are in close proximity to the backbone of the thick filament. Calcium ions do change the radial disposition of myosin heads, which could be the consequence of cross-bridge motion. Heat Denaturation of the Cross-bridges. X-ray diffraction studies of the sartorius of the frog have shown that after the muscle is heated to =420C for 10 min, the diffraction layer line believed to originate from myosin and the off-meridional 38.0-nm layer lines disappeared while the layer lines believed to originate from actin do not change (Huxley, 1972) . The dichroism of the sartorius of frog or toad and the psoas of rabbit stained with Congo Red also disappeared after heat treatment (Fan and Wen, 1979) . Both results have been interpreted to mean that the cross-bridges are denatured by heating. Such interpretation is not proved. While this has not been proven directly, following heat treatment both glycerinated amphibian Table I for notations and discussion. Fig. 7 , where ra/Fa,H " ra/Fr (Kubota et al., 1983) . The results pre-sented here and in the previous sections are summarized in Table I .
B. The Effect of Congo Red on Isolated Thick Filaments
If the increase of r values is due to cross-bridge motion, other forms of activation of the bridges should produce similar increases. Isolated myofibrils of both the sartorius muscle of frog and the indirect flight muscle of the honey bee can be shortened by Congo Red (Fan, 1964) . Addition of Congo Red to a suspension of filaments in relaxing solution caused an increase in the I value even above that obtained with calcium ions. Fig. 8 shows the effect of 0.0 1% (wt/vol) Congo Red on the r value of filaments suspended in relaxing solution with 5 mM EGTA. The r value increased by a factor of -4 at a K2 value of 8.8 x 10'Icm-2 (KL = 106) as compared to a factor of -2.2 after the addition of calcium ions. Since the pCa value of the 5 mM EGTA relaxing solution with Congo Red added is only -8, the Congo Red effect cannot be due to any possible calcium ion contamination and must be due to Congo Red itself.
The mechanism of shortening of the isolated myofibril by Congo Red has not been elucidated, yet the following facts have been established: (a) Congo Red affects the myosin ATPase activity (Acemann, 1953; Teranishi, 1957a, b, c; Filatova et al., 1968) ; (b) Congo Red enhances the contractile properties of rabbit myosin preparation (Ivanov et al, 1976) ; and (c) The A-band remains constant during Congo Red shortening of the isolated myofibril until the contraction band appears. Therefore, Congo Red shortening of the isolated myofibril is probably brought about by the sliding filaments mechanism, i.e., through the activation of cross-bridges.
The fact that Congo Red increased the r value more than calcium ions did suggests that Congo Red not only activates the cross-bridge motions but also increases the flexibility of the thick filaments. This supposition is supported by the fact that the r values of heated Congo Red-treated filaments were always greater than those of simply heat-treated filaments.
C. The Effect of Depletion of Energy Supply on Isolated Thick Filaments Effect ofinhibition of the Myosin A TPase Activity. Vanadate has been reported to form a complex with myosin and ADP (Goodno, 1979; Goodno and Taylor, 1982) that was supposed to be a stable analogue of the myosin-ADP-phosphate complex. The complex is believed to be a key intermediate in the myosin ATPase cycle. Fig. 9 shows the ratio of r values obtained from filaments suspended in an activating solution to that from filaments in a relaxing solution with both containing 10 mM vanadate. This experiment was done with a neon laser source with wave length of 632.8 nm. Thus the maximum value of K2 is only -4.5 x 10'0 cm-2. The ratio of r values between K2 = 0.8 x 10'0 and 4.5 x 10'Icm-2 remains practically unchanged and is close to one, indicating that in the presence of vanadate, calcium ions can no longer appreciably activate cross-bridge motions.
Effect of Replacement of A TP with CrADP. CrADP has been shown to be a competitive inhibitor to MgADP for myokinase (Dunaway-Mariano and Cleland, 1980b Effect of Replacement of ATP with AMP-PNP. AMP-PNP is a nonhydrolyzable ATP analogue. Filament suspensions were dialyzed overnight first against an activating solution which contained no ATP. Presumably, due to the residual ATP contained in the filament preparation, the F value ( Fig. 1 1 , bar A, which shows the r value at K2 = 8.8 x 10-'0cm-2) is still higher than that obtained with suspensions of filaments dialyzed against relaxing solution (Fig. 11, PNP together with 2 mM glucose were added to the dialyzing solution and an additional 50 ,ug/ml of hexokinase was added directly into the dialyzing tube containing the filament preparation. After such treatment, the F value drops down to that of bar B in Fig. 11 , which is close to the value of R in Fig. 10 , the F value of filaments suspended in relaxing solution. This demonstrates that, without ATP, calcium ions can no longer activate the cross-bridge motions. If the sample was then dialyzed against normal activating solution, i.e., solution with 2 mM ATP, the F value increased tremendously to bar C in Fig. 10 , which is comparable to the usual ra.
Thick Filaments from the Striated Adductor of Scallop
The activity of striated adductor muscle of the scallop is also believed to be regulated through myosin (KendrickJones, et al., 1970; . Fig. 12 , curve R, illustrates the F values of isolated thick filaments from scallop muscle in relaxing solution. The size of thick filaments from striated muscle of the scallop is much less than that of thick filaments of Limulus with a length of 1.4 jtm and a diameter of 21 nm. Therefore, it is not surprising that the r values are usually two to three times higher than those of the thick filaments from Limulus at K2 -10 x 102 cm-2. After the addition of calcium ions, the r value increases from 2 to 4 kHz at K2 = 10 x 10'0cm-2s shown by the difference between curves A and R in Fig. 12 10-'K2 (cKf2) FIGURE 13 Plot of r vs. K2 of isolated thick filaments from the sartorius of the frog suspended in a relaxing solution (R) and in an activating solution (A). Both suspensions gave the same 1' values showing calcium ions have no effect on the r value of the thick filaments isolated from the frog. Line T represents the computed 1' due to pure translational motions according to Eq. 4 for a rigid rod with length L = 1.5 Am and diameter d=-lOnm.
frequencies similar to those induced in thick filaments isolated from Limulus muscle.
Thick Filaments from the Sartorius of the Frog The activity of skeletal muscle in the frog is known to be regulated by calcium ions through the thin filaments. Calcium ions were shown to have no effect on the quasielastic light scattering results from synthetic filaments of rabbit myosin (Suzuki and Wada, 1981) . Our findings from isolated thick filaments from sartorius are in agreement. The r values of isolated thick filaments from sartorius suspended in relaxing solution and from filaments suspended in activating solution show no difference (Fig.  13 ). Heating to 420C for 10 min had no effect on either. ln Fig. 13 , the straight line T represents the F due to pure translational motion according to Eq. 6 for a rigid rod with length L = 1.5 ,um and diameter d = 10 nm.
CONCLUSION
The experimental results presented here unambiguously confirm our earlier supposition that the increase in the average linewidth, r, of the autocorrelation function from isolated thick filaments of Limulus due to the presence of calcium ions (Kubota et al., 1983 ) is related to activation of cross-bridges. (a) The increase disappeared after cleavage of the S-1 and S-2 moieties from the thick filaments with papain. (b) The increase disappeared after crosslinking the myosin heads to the backbone of the thick filament. (c) The increase disappeared following heat denaturation of the S-1. (d) Congo Red, known to activate other muscles, caused an increase in r. (e) Myosin ATPase inhibitors, vanadate, or replacing ATP with CrADP or AMP-PNP, suppressed the increase. (f) Calcium ions have similar effects on thick filaments isolated from scallop, also known to be myosin regulated. (g) Thick filaments isolated from thin filament-regulated muscle do not show these calcium-activated effects. So far, the quasi-elastic light scattering method is unique when applied to myosin regulated thick filaments in that it can detect cross-bridge motions without the intervention of any labeling molecules. It should be a very promising method to analyse the kinetics and mechanisms of cross-bridge motion.
The increase of r values can be used to estimate the--frequency of cross-bridge motions in the isolated thick filament suspension. For Limulus and scallop, a 2-4 kHz frequency range was observed with the cross-bridges moving under practically load-free conditions. Obviously this frequency cannot be ascribed to cross-bridges in a muscle fiber under tension. However, changes in tension (Ford et al., 1977) and in sarcomere length (Barden and Mason, 1978) in muscle fibers have been observed that occur in this time scale. have reported that for rabbit skeletal muscle in the relaxed state, the myosin head undergoes a rapid rotational motion with an effective rotational correlation time of 10 ,us, which is insensitive to the presence or absence of calcium ions. Thus, the active cross-bridge motions reported in this article may be different from those reported by .
